The impact of total physical activity level on cancer risk has not been fully clarified, particularly in non-Western, relatively lean populations. The authors prospectively examined the association between daily total physical activity (using a metabolic equivalents/day score) and subsequent cancer risk in the Japan Public Health Centerbased Prospective Study. A total of 79,771 general-population Japanese men and women aged 45-74 years who responded to a questionnaire in 1995-1999 were followed for total cancer incidence (4,334 cases) through 2004. Compared with subjects in the lowest quartile, increased daily physical activity was associated with a significantly decreased risk of cancer in both sexes. In men, hazard ratios for the second, third, and highest quartiles were 1.00 (95% confidence interval (CI): 0.90, 1.11), 0.96 (95% CI: 0.86, 1.07), and 0.87 (95% CI: 0.78, 0.96), respectively (p for trend ¼ 0.005); in women, hazard ratios were 0.93 (95% CI: 0.82, 1.05), 0.84 (95% CI: 0.73, 0.96), and 0.84 (95% CI: 0.73, 0.97), respectively (p for trend ¼ 0.007). The decreased risk was more clearly observed in women than in men, especially among the elderly and those who regularly engaged in leisure-time sports or physical exercise. By site, decreased risks were observed for cancers of the colon, liver, and pancreas in men and for cancer of the stomach in women. Increased daily physical activity may be beneficial in preventing cancer in a relatively lean population. cohort studies; exercise; Japan; neoplasms; physical fitness Abbreviations: CI, confidence interval; MET(s), metabolic equivalent(s).
A number of investigators have reported beneficial effects of physical activity on the risk of cancer at certain specific sites, and physical activity is now regarded as an important target for cancer prevention. The second report of the World Cancer Research Fund/American Institute for Cancer Research recently concluded that all forms of physical activity protect against some cancers, including colon cancer, postmenopausal breast cancer, and endometrial cancer, in relation to or independently of weight gain, overweight, and obesity (1) .
To date, however, the association between physical activity and total cancer risk has been relatively poorly investigated. Given that exercise and physical activity probably affect cancer development at different sites via the same mechanism or closely similar mechanisms, at least to some degree, it is reasonable to assess the preventive effect of physical activity not only on cancer at specific sites but also on all cancers in aggregate. Further, from a public health point of view, an understanding of the preventive effect of physical activity on total cancer risk will provide concrete clues in estimating the effect of physical activity measures in health policy planning. For the latter case, evidence from populations with similar general lifestyle backgrounds is indispensable. Evidence for an association between physical activity and total cancer risk is limited (2-10), however; most studies have targeted mortality (4-10) rather than incidence (2, 3) and have been carried out in Western populations (2) (3) (4) (5) (6) (7) (8) .
Evidence from other populations is sparse (9, 10) .
Here, we examined the association between daily total physical activity and risk of all types of cancer in the Japan Public Health Center-based Prospective Study. Our main purpose was to estimate the magnitude of the effect of overall physical activity, including exercise and nonexercise physical activities, on total cancer risk among Japanese, a population characterized as non-Western and relatively lean. To date, physical activity has been assessed using various types of activity categories, such as leisure-time and non-leisure-time activity, physical exercise or sports, and nonexercise activities, such as occupational activity and household work. However, given recognition of the need for comprehensive evaluation of these physical activities in the aggregate, particularly with regard to nonexercise physical activity (11) , here we attempted a quantitative approach to assessment using a common scale for all activities (namely, metabolic equivalents (METs)) to estimate the effect of total physical activity level.
MATERIALS AND METHODS

Study population
The Japan Public Health Center-based Prospective Study was started in [1990] [1991] [1992] [1993] [1994] . It targeted all registered Japanese inhabitants in 11 public health center areas who were aged 40-69 years at the beginning of the baseline survey (12) .
The study protocol was approved by the institutional review board of the National Cancer Center, Japan. In the present analysis, one public health center area was excluded, since data on cancer incidence were not available.
The participants in the present study were subjects in the Japan Public Health Center-based Prospective Study who responded to a self-administered 5-year follow-up questionnaire in 1995-1999 at age 45-74 years. Initially, at baseline, 133,323 subjects were identified as being in the study population. After excluding 241 persons with non-Japanese nationality (n ¼ 51), duplicate enrollment (n ¼ 4), a late report of emigration occurring before the start of the follow-up period (n ¼ 180), or ineligibility due to an incorrect birth date (n ¼ 6), a population-based cohort of 133,082 subjects was established. After exclusion of the 13,663 persons who had died, moved out of the study area, or been lost to followup before the starting point, the remaining 119,419 subjects were considered eligible for the present study. A total of 96,566 subjects responded to the questionnaire, yielding a response rate of 81 percent.
Questionnaire
The questionnaire included items on demographic factors, personal medical history, physical activity, smoking and alcohol drinking, other lifestyle factors, and diet (via a validated food frequency questionnaire containing questions on 138 food items and 14 supplementary questions (13)). Persons who had been diagnosed with cancer before the starting point (n ¼ 2,153) or who had missing data for physical activity-related factors (n ¼ 6,346) or other factors included in the multivariate model (n ¼ 8,296) were excluded. Finally, 79,771 eligible subjects (37,898 men and 41,873 women) were included in the analysis.
Follow-up
Subjects were followed from the starting point until December 31, 2004 . Residence status, including survival, was confirmed through the residential registry. Inspection of the resident registry is available to anyone under the resident registration law. Among the study subjects, 5,271 died, 3,166 moved out of the study area, one withdrew from the study, and 239 (0.3 percent) were lost to follow-up within the follow-up period. Information on the cause of death for deceased subjects was obtained from death certificates (provided by the Ministry of Health, Labour, and Welfare with the permission of the Ministry of Internal Affairs and Communications), on which cause of death is defined according to the International Classification of Diseases, Tenth Revision (14) . Resident registration and death registration are required by law in Japan, and the registries are believed to be complete.
Incident cancers were identified through notification from the major hospitals in the study area and through data linkage with population-based cancer registries. Death certificates were used as a supplementary information source. The site and histology of each case were coded using the International Classification of Diseases for Oncology, Third Edition (15) . In our cancer registry system, the proportion of cases for which information was available from death certificates only was 3.7 percent. For the present analysis, the Table continues 394 Inoue et al. 
Physical activity levels
The main exposure of interest in the present study was daily total physical activity level. In our questionnaire (see Appendix), subjects were asked about the average amount of time spent per day in three types of physical activity: heavy physical work or strenuous exercise (none, <1 hour, or 1 hour), sitting (<3, 3-<8, or 8 hours), and standing or walking (<1, 1-<3, or 3 hours). The following values were assigned as time scores for each activity: heavy physical work or strenuous exercise-0 for none, 0.5 for <1 hour, and 3 for 1 hour; sitting-1.5 for <3 hours, 5.5 for 3-<8 hours, and 7.5 for 8 hours; standing or walking-0.5 for <1 hour, 2 for 1-<3 hours, and 8.5 for 3 hours. The midpoint of the time range for each category was assigned when minimum and maximum values were presented on the questionnaire, and arbitrary values considered to have the highest validity from the validation study were assigned for the highest category. MET-hours/day were estimated by multiplying the daily time score for each activity by the MET intensity of that activity (16): for heavy physical work or strenuous exercise, 4.5; for standing or walking, 2.0; for being sedentary, 1.5; and for sleep or other passive activity, 0.9. After data were summed across all activities, subjects were grouped by sex into four exposure levels according to quartile of total METs/day score. Because the question on MET calculation incorporated all activities, including occupation, housework, leisure-time sports, etc., a separate question on the frequency of leisure-time sports and physical exercise was not included in the estimation of total physical activity level.
The validity of the total METs/day score was assessed among 108 eligible samples (53 men and 55 women) derived from 110 original volunteer subjects from the cohort using 4-day, 24-hour physical activity records (Sunday or another day off plus three weekdays) in two different seasons (namely, harvesting and one other season in a single year). The mean number of total METs/day for physical activity obtained from the self-report was 33.5 in men and 33.4 in women, while the mean from the 24-hour physical activity record was 39.5 in men and 40.8 in women. Energy expenditure estimated in METs showed little difference by area. Spearman's rank correlation coefficient for the correlation between the total METs/day score and the physical activity records was 0.46 when the average of two seasons was taken (men, 0.53; women, 0.35).
Analysis
The number of person-years in the follow-up period was counted from the starting point (i.e., the date of response to the 5-year follow-up questionnaire) to the date of occurrence of any cancer, emigration from the study area, death, or the end of the study period, whichever came first. For subjects who withdrew from the study or were lost to follow-up, the date of withdrawal or the last confirmed date of presence in the study was used as the date of censoring.
Hazard ratios and 95 percent confidence intervals were used to characterize the relative risk of cancer occurrence associated with daily total physical activity level. Daily total physical activity was assessed in quartiles of total METs/ day score. The median METs/day value for each quartile was used when the linear association was assessed. To investigate whether the effect on the outcome differed by type of physical activity, we also assessed risk by the frequency of leisure-time sports or physical exercise (1-3 days/ month, 1-2 days/week, 3-4 days/week, or almost every day), in addition to the amount of time spent per day in heavy physical work or strenuous exercise (none,
The Cox proportional hazards model was employed to control for potentially confounding factors, namely age at the starting point (5-year categories), area (10 public health center areas), history of diabetes (no, yes), smoking status (never smoking, past smoking, or 1-19, 20-29, or 30 cigarettes/day), alcohol intake status (almost none, occasional, or regular), body mass index (weight (kg)/height (m) 2 ; 14-<20, 20-<27, or 27), and total energy intake (in quintiles, estimated by semiquantitative food frequency questionnaire). These variables, obtained from the questionnaire, are either known or suspected risk factors for cancer that have been identified in previous studies. We treated age, area, and total energy intake as strata to allow for a different baseline hazard for each stratum. In testing of the proportional hazards assumption by Schoenfeld residuals and scaled Schoenfeld residuals, we found no violation of proportionality. In addition, we evaluated whether the effect of total physical activity was influenced by age, body mass index, or frequency of leisure-time sports or physical exercise using a test of interaction, by entering into the model multiplicative terms for interaction between the respective factors. Since the effect of total physical activity was significantly influenced by sex (p for interaction 0.001), all analysis were conducted by sex. All statistical analyses were performed using Stata 10 (Stata Corporation, College Station, Texas) (17) .
RESULTS
During 599,117 person-years of follow-up (average follow-up period, 7.5 years) for the 79,771 subjects (37,898 men and 41,873 women), 4,334 newly diagnosed cases of cancer (2,704 in men and 1,630 in women), including skin cancer (n ¼ 53; 1.2 percent), were identified and included in the analyses. In men, gastric cancer was the most common cancer (n ¼ 621; 23.0 percent), followed by cancers of the lung (n ¼ 388; 14.3 percent), colon (n ¼ 328; 12.1 percent), and prostate (n ¼ 279; 10.3 percent). In women, breast cancer was the most common (n ¼ 294; 18.0 percent), followed by cancers of the stomach (n ¼ 232; 14.2 percent), colon (n ¼ 228; 14.0 percent), and lung (n ¼ 144; 8.8 percent).
Characteristics of the study subjects according to physical activity level are shown in table 1. The median values in the lowest, second, third, and highest quartiles of total METs/day ; <20, 20-<27, or 27), heavy physical work or strenuous exercise (none, <1 hour, or 1 hour/day), sitting (<3, 3-<8, or 8 hours/day), standing or walking (<1, 1-<3, or 3 hours/day), and leisure-time sports or physical exercise (<1, 1-2, or 3-4 days/week).
y HR, hazard ratio; CI, confidence interval. Men who were more physically active were more likely to report regular drinking, a higher frequency of leisure-time sports or physical exercise, and higher daily mean energy consumption and were less likely to report a history of diabetes mellitus and liver disease. No difference in body mass index was observed between groups by physical activity level. In women, similar trends were observed, except that the differences in the proportion of regular drinkers were not significant. Associations between daily total physical activity level by total METs/day score and total cancer incidence are shown Table continues 398 Inoue et al.
in table 2. Upon multivariate adjustment, compared with subjects in the lowest quartile, increased daily total physical activity was significantly associated with a decreased risk of cancer incidence in both men and women. In men, hazard ratios in the second, third, and highest quartiles were 1.00 (95 percent confidence interval (CI): 0.90, 1.11), 0.96 (95 percent CI: 0.86, 1.07), and 0.87 (95 percent CI: 0.78, 0.96), respectively (p for trend ¼ 0.005); in women, they were 0.93 y Adjusted for age (stratified, 5-year categories), area (stratified, 10 public health center areas), total energy intake (stratified, quintiles), history of diabetes (no, yes), smoking status (never smoker, past smoker, or 1-19, 20-29, or 30 cigarettes/day), alcohol intake status (almost none, occasional, or regular), body mass index (weight (kg)/height (m) (95 percent CI: 0.82, 1.05), 0.84 (95 percent CI: 0.73, 0.96), and 0.84 (95 percent CI: 0.73, 0.97), respectively (p for trend ¼ 0.007). Our estimates also showed that the risk decreased by 7 percent in men and 10 percent in women with each 10-MET/day increase in physical activity level. The results did not differ substantially after exclusion of early cancer cases-those occurring within 3 years of the starting point-or after further exclusion of subjects with very low physical activity levels (<23 METs/day; 2 percent of subjects), considered to result from poor physical condition. On further estimation of the population attributable fraction (18) from our results, 4.5 percent of cases in men and 5.5 percent of cases in women were considered to have been preventable if the persons in the lowest physical activity category had increased their activity to a higher level.
In both sexes, the degree of risk decrease was attenuated among persons with increasing body mass index. In contrast, it was strengthened among the elderly and among persons who regularly engaged in leisure-time sports or physical exercise; this relation appeared more clearly in women. No significant interaction was observed for age, obesity status, or frequency of leisure-time sports and physical exercise (table 3) . No particularly significant associations were identified in analysis by type of physical activity (table 4) .
Results from analyses of specific cancer sites are shown in table 5. Significantly decreased risks were observed for colon, liver, and pancreatic cancer in men and for stomach cancer in women. In additional analyses for these cancers stratified by age, body mass index, and frequency of leisuretime sports or physical exercise, larger risk reductions were observed in persons with a lower body mass index, persons with frequent leisure-time sports or physical exercise, and the elderly for female stomach cancer and in persons with lower body mass index and persons with infrequent leisuretime sports or physical exercise for male colon cancer. For male liver and pancreatic cancers, we did not detect any significant difference or tendency in risk between stratified groups. In the analysis of breast cancer, the null association was not influenced by menopausal status.
DISCUSSION
The health benefits of physical activity are well established for certain cancer sites (1, 19) , but the extent to which the grand sum of these effects influences total cancer incidence has not been clarified. Of course, any such association depends to some degree on the background population, namely the site distribution of cancers which are strongly or weakly associated with physical activity. According to recent statistics, in Japan the cancer sites with the highest incidence rates are the stomach, followed by the lung, colon, liver, and prostate, for men and the breast, followed by the stomach, colon, uterus, and lung, for women (20) . In this large-scale, population-based cohort study of Japanese men and women, we found a significant inverse association between daily total physical activity level and total cancer incidence. To reduce the potential for spurious associations from reverse causation, we excluded all subjects with a history of cancer at the starting point. Moreover, exclusion of early cases (those occurring within 3 years of the starting point) had no substantial effect on the results.
To our knowledge, only two studies have assessed the association between physical activity and total risk of cancer (2, 3); both were carried out in relatively small populations. One, which targeted men only, observed a reduced risk with increased physical activity (2), while the second observed an increased risk with increased nonrecreational physical inactivity (3). Our findings, obtained with a substantially larger sample, accord with those of these previous studies.
Our results showed basically similar risk reductions in men and women. Shephard and Shek (21) suggested that differences between the sexes in benefits associated with regular physical activity are due to the difference in hormonal conditions, which may lead to the failure to adapt activity questionnaires to traditional patterns of physical activity in females. Methodologically, it is commonly noted that men are more likely to be physically active in their jobs and women are more likely to be involved in housework (22) . In our questionnaire, rank correlation coefficients for correlation with the 24-hour physical activity record were higher in men than in women. This may have partly resulted from the failure of our questionnaire to suitably account for housework. This type of measurement error may have led to underestimation of the association. Nevertheless, in the present study, a stronger effect of total physical activity among persons who engaged in regular leisure-time sports or physical exercise than among those who did not appears to have been more clearly observed in women. The larger proportion of strenuous work as a fraction of total physical activity in men than in women may be one reason for this discrepancy between men and women.
Our findings also showed that the effect of physical activity was diminished among subjects with a high body mass index, which is accordant with a previous report (3) . To a substantial degree, physical activity may affect the risk of cancer by reducing weight and body mass index. We therefore suggest that the effect of physical activity appears less clear in persons with a high body mass index.
By site, our results showed inverse associations for colon, liver, and pancreatic cancer in men and for stomach cancer in women. In our population, we observed a positive association with a high body mass index for colon cancer only (23) and little association for pancreatic cancer (24) . A recent evaluation found no association for stomach or liver cancer (1). In addition, nonalcoholic fatty liver disease, an increasingly recognized cause of chronic liver disease across the world, appears to be most strongly associated with central obesity and insulin resistance, and hepatocellular carcinoma has been postulated to arise through the development and progression of nonalcoholic fatty liver disease (25, 26) . In the Japanese population, however, most cases of hepatocellular carcinoma are associated with hepatitis virus infection, and attribution to other factors may be small. Therefore, the effect of physical activity on these cancers, if any, appears to be operating not only via any improvement in obesity and related factors but also via other mechanisms.
Discussions on the possible mechanisms by which physical activity protects against cancer remain inconclusive. Various mechanisms have been plausibly associated with various cancers, such as alterations in sex hormones or insulin and insulin-like growth factors, immune modulation, alterations in free radical generation, changes in body fatness, and direct effects on cancer (1, 19, (27) (28) (29) (30) (31) (32) . Hyperinsulinemia produces an increase in circulating insulin-like growth factor 1, which is thought to play a major role in promoting carcinogenesis, and a decrease in insulin-like growth factor-binding proteins (33) . Exercise increases insulin sensitivity and decreases fasting insulin and C-peptide levels (34) , which may improve insulin resistance. Exercise-induced changes in the activity of macrophages, natural killer cells, lymphokine-activated killer cells, neutrophils, and regulating cytokines suggest that immunomodulation may contribute to the protective value of exercise (35) . Strenuous physical exercise enhances oxygen free radical production, and the increased number of reactive oxygen species that are generated potentially results in damage to lipids, protein, and DNA. The antioxidant defense systems have co-evolved to counteract oxidative damage from oxygen free radicals (24, 36, 37) . Moderate physical activity may be of benefit as a means of slowing or stopping the loss of antioxidants, whereas severe exercise might overwhelm the antioxidant system, potentially leading to damage and increased cell mutagenesis (37) . Other mechanisms include a decrease in gut transit time, which has beneficial effects on bile content and secretion (1, 38) , and have been proposed by site (1) .
The major strength of the present study was its prospective design, which enabled us to avoid exposure recall bias. Study subjects were selected from the general population, the sample was large, the response rate to the questionnaire (81 percent) was acceptable for study settings such as this, and the loss to follow-up (0.3 percent) was negligible. Further, the number of exclusions due to missing data on physical activity (7 percent) was not particularly large. Although a difference in the characteristics of subjects with and without missing information had the potential to influence the results, no such difference was seen. In addition, the cancer registry in the study population was of sufficient quality to reduce the possibility of misclassification of the outcome.
In addition to those mentioned above, however, several methodological limitations can be identified. In particular, since assessment of physical activity was based on selfreports, misclassification may have been unavoidable. Nevertheless, because the data were collected before diagnosis, any imprecision is likely to have resulted in underestimation of the association. Changes in physical activity over time may also have caused misclassification, which might have led to underestimation of the association. In addition, some types of cancers or health conditions related to them may have caused low levels of physical activity from the starting point of the study; therefore, we cannot deny the possibility of spurious associations. Further, although adjustment was made for lifestyle factors possibly associated with cancer, unmeasured confounders may not have been controlled. Finally, our results may not be generalizable to populations with a different general lifestyle or a different degree of leanness from the Japanese.
Allowing for these methodological issues, our results suggest that increased daily total physical activity may be beneficial in preventing the development of cancer among Japanese men and women, who are characterized as relatively lean. Further research on the generalizability of our results to other relatively lean populations is warranted.
